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Introduction
Working memory is a central cognitive function that enables short-term storage and manipulation of information in the face of concurrent processing (Cowan, 2005; Baddeley, 2007) . There is a high prevalence of working memory impairments following acquired brain injury (Carroll et al., 2004; Cumming et al., 2013) , with executive functioning being the most frequently affected component of working memory (Serino et al., 2006; Dunning et al., 2016) . For traumatic brain injury, the high susceptibility of working memory-related regions and pathways between these regions (Shenton et al., 2012) could underlie these impairments. But interestingly, working memory impairment is highly prevalent across aetiologies (Serino et al., 2006) and severity levels, with the latter explaining $10% of the variance in neuropsychological performance in the chronic phase (Grafman et al., 1986; Zafonte et al., 1996; Carroll et al., 2004) . This makes working memory, and overlapping constructs such as attention and executive functioning, attractive general-purpose targets for neurorehabilitation.
Even though many different treatment strategies have been tested, it has proven difficult to achieve clinically relevant improvement of high-level cognitive functioning following acquired brain injury. Biological interventions such as pharmaceuticals (Balk et al., 2007) , physical exercise (Repantis et al., 2010) , neurostimulation (Smith et al., 2010) and nutrition (Thut and Pascual-Leone, 2010 ) have yielded effect sizes in the zero-to-moderate range for repeated administrations. The effect of computerized cognitive training tends to be specific to the trained task, e.g. with little or no generalization to dissimilar tasks (Sturm et al., 1997; Å kerlund et al., 2013; Lindeløv et al., 2016) . Mindfulness meditation can decrease post-stroke fatigue but is ineffective with respect to performance on neuropsychological test (McMillan et al., 2002; Johansson et al., 2012; Azulay et al., 2013) .
These treatment strategies are somewhat non-targeted (the biological interventions are general-purpose with respect to cognition) or indirect (the behavioural interventions consist of exercises that in turn are hoped to affect the cognitive function of interest). The past decade has seen mounting evidence that hypnotic suggestion represents a more direct approach where the neural and behavioural effects are consistent with the suggestion content . This has been most convincingly demonstrated for induced pain (Vanhaudenhuyse et al., 2009 ) and induced analgesia (Derbyshire et al., 2004) , but also in the manipulation of processes that were hitherto thought to be largely automatic, e.g. the Stroop effect, the McGurk effect, and colour vision (Kosslyn et al., 2000; Raz et al., 2002; Lifshitz et al., 2013) .
There is already some evidence that targeted hypnotic suggestion could be viable to improve cognition following acquired brain injury. Sullivan et al. (1974) found that a single hypnotic suggestion caused superior improvement in performance on one of two cognitive outcome measures as compared to a relaxation control intervention. The effect was positive but clinically irrelevant [standardized mean difference (SMD) = 0.18], possibly due to the short singlesession suggestion offered to the patients. Fromm et al. (1964) and Wagstaff et al. (2001) did almost the exact inverse to Sullivan et al. (1974) . They suggested to healthy participants that they had sustained an organic brain injury and observed impaired performance on neuropsychological tests and increased brain injury symptomology as per ratings by blinded observers. Together, these studies imply that hypnotic suggestion may be used to alter cognitive performance in both brain injured and healthy individuals.
The above studies used brief proof-of-concept interventions rather than clinically relevant interventions. Furthermore, testing occurred during the same session as the intervention, thus failing to separate short-term state effects from long-term cognitive improvement. Based on these considerations, we set out to do a more rigorous experiment on the extent to which working memory-directed hypnotic suggestion could improve performance in brain injured patients.
Materials and methods
We recruited 52 participants who had sustained acquired brain injury at least a year previously. Forty-nine completed the study (see Table 1 and Supplementary material for computation of sample size). We recruited participants across a wide range of lesion sites, severities, and durations since incidence given the weak lesion-behaviour relationship mentioned earlier and given that there was no prior evidence that these factors affect hypnotic responsiveness. Participants were randomly assigned to one of two hypnosis groups using a coin toss. During the first phase of the experiment, the two groups received identical hypnotic inductions followed by targeted suggestion for one group and non-targeted suggestion for the other. The targeted procedure consisted of suggestions about enhancing working memory functions through the instantiation of preinjury working memory ability in the present using age regression and visualizations of brain plasticity. The non-targeted suggestions contained no explicit mentioning of brain injury or working memory-related abilities and thus served as an active control, i.e. to isolate the 'targetedness' of suggestion as the independent variable by factoring out other influences from placebo, retest effects, etc. These non-targeted suggestions were borrowed from mindfulness meditation practices, involving body and thought awareness as they have demonstrated no or small effects on cognitive abilities in brain injured participants (McMillan et al., 2002; Johansson et al., 2012; Azulay et al., 2013) . See the Supplementary material for further details on the targeted and non-targeted conditions.
A number of steps were taken to control for confounding differences between these two interventions. (i) Procedures were written up as a manual as dictated by the hypnotist. The manual is available upon request to the first author; (ii) manuscripts for the two procedures had identical induction and termination of the hypnotic state, and accordingly, only differed in the targeting of the suggestions; (iii) duration of the sessions and all information material were kept equal; (iv) testers were blinded; (v) participants were blinded to the existence of any other groups in the study; (vi) all participants were informed about promising findings from a pilot study but that the outcome of the current experiment was unknown; and (vii) to minimize test-specific effects, neither procedure contained any resemblance to the neuropsychological testing situation and materials. The hypnotist had a master's degree in hypnosis and 1 year of experience with private clients. She practiced mindfulness personally and occasionally in groups, but had no prior experience instructing mindfulness therapeutically.
An additional 21 brain-injured participants were recruited using identical criteria to control for retest effects. They received no intervention and were compensated 1500 DKK (Danish Krone) on completion. Nineteen participants completed. Even though the three groups differ on some parameters (Table 1) , we later show that these parameters do not modulate the treatment effects.
Experimental design
The experiment had three phases (Fig. 1 ). Phase 1 followed by a break [6.7 weeks, standard deviation (SD) 1.4], followed by phase 2. Group A received two versions of the targeted procedure. Group B received the non-targeted procedure during phase 1 and the first of the two targeted procedures during phase 2. Each procedure consisted of a weekly 1-h session for four successive weeks. The control group was passive throughout the experiment but was tested like all other participants.
Participants were tested on the Working Memory Index (WMI) from the Wechsler Adult Intelligence Scale (WAIS-III) and the Trail Making Test (TMT) part A and B before and after each procedure. WMI is calculated from four tasks: forward digit span, backward digit span, letter-number sequencing and mental arithmetic and has good psychometric properties (Iverson, 2001 ). All WMI scores were corrected for age and converted to index scores (population mean = 100, SD = 15). The B-A Trail Making index is the time cost of alternating between increments in two sequences compared to incrementing only one sequence. B-A is lognormal, so log(B-A) was used as dependent variable.
Working memory is frequently fractionated into phonological and visuospatial components, which share an executive component. While WMI is primarily verbal and TMT is primarily used as a visuospatial index of executive control (Sá nchez-Cubillo et al., 2009), we sought to operationalize the overall working memory construct rather than the components. Positive results on both indices are necessary to claim that working memory per se improved (Baddeley, 2007; Dunning et al., 2016) . However, it is interesting to note that verbal and visuospatial domains are differentially affected following traumatic brain injury, with moderate-to-large working memory impairments on visuospatial material and smallmedium impairments on verbal material for patients with traumatic brain injury at a median of 4.3 years post-injury, as compared to healthy control subjects (Dunning et al., 2016) .
Statistical analysis
Results were modelled using a mixed effects model with a covariate for retest, non-targeted, and targeted effects for each phase and a random intercept per participant. This model explicitly subtracts retest and non-targeted effects when assessing targeted effects. Covariates were tested against the null using a likelihood ratio test (LRTs) where the null model was the full model less the covariate(s) in question.
The strength of evidence for the covariate being zero was quantified using the Bayes factor with a Cauchy prior with mode zero and scale = ͱ2/4 prior on covariates (Rouder and Morey, 2012) . A Bayes factor is the shift in the posterior odds ratio between the full model and the null model that was brought about by the data. Conventionally, a Bayes factor of 3-20 is labelled as 'positive evidence', 20-150 is 'strong evidence' and 4150 is 'very strong evidence' (Kass and Raftery, 1995) but we invite readers to simply interpret each Bayes factor as an odds ratio rather than transforming them into universal crude categories. As a general rule, these labels are more conservative than P-values (Wetzels et al., 2011 ). An advantage of Bayes factors relative to P-values is that they quantify evidence for both the full and the null model while accounting for model complexity (Posada and Buckley, 2004) . Further details and sensitivity analyses are available in the Supplementary material. For parameter estimates, a more informative Normal(0, 0.5) prior was used, which expresses a sceptical prior belief that there is $98% probability of the effect size being 51 SMD. Therefore, the effect sizes reported here are smaller than had they been obtained by conventional maximum-likelihood estimation. With an uninformative prior, the means and confidence intervals (CIs) would coincide almost perfectly with those obtained from maximum-likelihood methods.
Results
The results supported the hypothesis that targeted hypnotic suggestion has a positive and long-lasting effect on working memory performance. Figure 2A and C show the absolute scores at each time point with between-subject intervals. It is apparent that all three groups initially performed well below the population normal and that the intervention groups improved substantially to the population mean. Figure 2B and D show per-phase SMDs with within-subject intervals on the effect size. They allow for comparison of the effect of different treatments and the two outcome indices, which we will report in greater detail below.
Phase 1
Most importantly, as is apparent in Fig. 2B , the targeted hypnotic procedure received by Group A in phase 1 improved WMI by 0.68 SMD more than the non-targeted procedure received by Group B with a Bayes factor of 342 (P LRT = 4.1 Â 10
À5
). In other words, the data render it 342 times more likely than indicated by the prior that Group A had superior improvement relative to Group B than that they experienced the same effect. Group A improved 1.39 SMD more than the retest effect during phase 1 on the WMI (Bayes factor = 1.7 Â 10 13 , P LRT = 7 Â 10 À13 ). By convention, these effect sizes are labelled as large and very large (Cohen, 1992) . The selective effect of the targeted procedure was even more apparent for TMT (Fig. 2D ) with a similar effect size of 0.63 SMD (Bayes factor = 37.5, P LRT = 0.0007) but with no improvement following the non-targeted procedure (SMD = 0.30, P LRT = 0.50) with a Bayes factor of 6.2 in favour of the null. In other words, the data make it 6.2 times more likely that Group B simply experienced the same retest effect as the control group than that Group B experienced a separate effect. The retest effect is controlled for in all the following Figure 2 Between-subjects and standardized within-subjects effects. (A and C) Session Â group test scores with means and 95% bootstrapped confidence intervals. (B and D) Group Â phase standardized change scores (SMD) from the Bayesian inference model reported in the main text with means and 95% credible intervals. (A and B) WMI; the higher, the better. WMI scores in Groups A and B improved from below (585) to above the population mean (4100) following the full program while the control group remained at status quo. TMT; the lower/faster, the better. In both groups, the major improvements in WMI and TMT occurred during the targeted procedure, i.e. in phase 1 for Group A and phase 2 for Groups A and B. For both TMT and WMI, the control group (squares) is persistently close to zero (dashed line in D) indicating small retest effects. Also, there is little or no change in the breaks, indicating long-term stability. See results from subtests in Supplementary Figs 1 and 2. unless otherwise specified. Supplementary Table 2 presents inferential results.
Break
WMI remained unchanged after a 6.7-week break (SD = 1.5) following the targeted procedure (SMD = À0.10, Bayes factor = 7.3 in favour of no difference, P LRT = 0.46) as well as the non-targeted procedure (SMD = 0.14, Bayes factor = 9.1 in favour of no difference, P LRT = 0.76) when controlling for non-specific and retest effects, respectively. This was also true of TMT (Supplementary Table 2 ).
Phase 2
In phase 2, Group B had crossed over to the targeted intervention, which enhanced WMI by 0.74 SMD (Bayes factor = 535, P LRT = 2.0 Â 10
À5
) and 1.20 SMD for the TMT (Bayes factor = 72 813, P LRT = 1.2 Â 10 7 ). Note that Group B improved more on both measures following the targeted intervention in phase 2 compared to the nontargeted intervention in phase 1, thus providing evidence for a distinct and superior effect of the targeted hypnotic suggestion. Participants in Group A improved another 0.60 SMD (Bayes factor = 30.0, P LRT = 0.0008) on the TMT while the evidence was weaker for WMI (SMD = 0.35, Bayes factor = 1.5, P LRT = 0.018).
Total improvement
Interestingly, WMI improvement from baseline to the last test in Group A (SMD = 1.73, 95% CI = 1.30-2.17) and B (SMD = 1.55, 95% CI = 1.13-1.98) had the same magnitude (Bayes factor = 4.4 in favour of no difference). The same goes for TMT, which again demonstrated very large total improvements in Group A (SMD = 1.83, 95% CI = 1.29-2.38) and Group B (SMD = 2.03, 95% CI = 1.47-2.60) with a similar magnitude (Bayes factor = 2.0 in favour of no difference).
Robustness
The above inferences were not qualitatively altered when including gender, time since injury, age at injury, baseline score, SHSS:C (Stanford Hypnotic Susceptibility Scale, Form C) score, duration of the break, years of education and cause of injury in the model (see Supplementary material for analyses of nuisance variables). The robustness to moderating factors indicates that this finding should generalize across different values of these nuisance parameters. For example, participants with an initial performance above the population average improved just as much as those below the normal range.
The reported pattern is evident in each of the WMI subtests ( Supplementary Fig. 1 ). The TMT results were mostly driven by TMT-B, consistent with the hypothesis that the targeted functions were improved whereas the non-targeted visuomotor skills were not (Supplementary Fig. 2) . Plots of subtests, additional effect sizes, intervals and inferential results can be seen in the Supplementary material.
Discussion
We conclude that hypnotic suggestion can restore working memory performance in brain injured patients. The effect sizes are large enough to be interpretable not only on a group level but also on a single-patient level. Only two participants out of 49 deteriorated slightly on the WMI following their first four sessions of targeted suggestion. Similarly, only four participants out of 49 deteriorated slightly on the TMT. Concerning the full eight-session programme, these results imply that between half and twothirds of patients will be moved from cognitively impaired population to the healthy or better-than-healthy population [Number Needed to Treat is between 1.8 and 1.5 calculated using Furukawa and Leucht's (2011) method] .
The fact that WMI improved to the population mean is consistent with the possibility that participants were representative of the normal population before their impairment and that this level was restored following the targeted hypnotic suggestion. TMT improved to better than the population mean (Nielsen et al., 1989 ) with a median improvement from 48 s to 24 s difference between form B and form A in the treatment groups.
These data suggest that acquired brain injury does not necessarily impose an irreversible reduction in the number of items that patients can effectively store and process, nor an irreversible extra cost of switching between tasks. On the contrary, working memory performance proved to be malleable in a relatively short timeframe. The speed, magnitude, and consistency of this improvement combined with the fact that the hypnosis scripts do not contain strategies, algorithms, or other 'recipes' on how to do well on the working memory tests, renders it unlikely that the improvement was entirely realized by a new process. Rather, it suggests that existing processing capabilities were brought to use. Indeed, rats with acquired brain injury have been shown to regain pre-injury level of functioning on specific tasks using strategies that can be realized by non-impaired brain regions, thus requiring limited neural plasticity (Mogensen, 2011) . Similarly, in humans, teaching patients strategies to solve specific tasks is frequently used in neurorehabilitation (Toglia et al., 2012) . The targeted hypnotic suggestion procedure in the present study may work through a similar process but at a non-task-specific level. If this is true, future studies using brain imaging should observe larger pre-post changes in functional measures (e.g. blood oxygen level-dependent activity location or functional connectivity) than in structural measures (e.g. grey/white matter volume or fractional anisotropy).
We show that the improvements were predominantly caused by the targeting of the suggestions which was captured by the difference between Groups A and B in phase 1 and the break. This view was further supported by the superior improvements in Group B during phase 2. The influence of major confounding factors was ruled out by design and data: the design controlled for retest effects, relaxation responses, and expectancy effects. Demographic parameters did not explain the effects. Furthermore, the results are not readily explicable in terms of specific lowlevel strategies since the intervention did not mention or resemble the outcome measures and the results generalized to dissimilar visual and verbal outcome measures. The two treatment groups had the same level of motivation and belief in the effectiveness of the hypnotic procedures throughout the experiment ( Supplementary Fig. 4) . A number of possible covariates were not assessed, most notably brain injury severity, which was lost due to a procedure error. While unassessed covariates could modulate the magnitude of the effect of targeted suggestion, it is unlikely that they perfectly confounded targeted suggestion since subject-specific severity was constant for subjects in Group B while they experienced both active control and treatment procedures (see Supplementary material for a more extensive discussion on severity).
The present results do not suggest specific mechanisms to explain how targeted suggestion causes improved working memory performance. We do, however, offer a few preliminary ideas and testable predictions which may be addressed in future research. It is possible that targeted hypnotic suggestion elicited mental imagery about being cognitively unimpaired, through the process of imagery, a congruent brain state (Grush, 2004; Moulton and Kosslyn, 2009) . If these processes are still functional but unused, targeted hypnotic suggestion could be regarded as the unlearning of learned non-use and learned helplessness. In support of this idea, motor imagery has been used extensively in motor rehabilitation following acquired brain injury (Mulder, 2007) , but not for cognitive rehabilitation. Related interpretations could be that targeted hypnotic suggestions act as retrieval clues for non-used strategies, or that they reduce anxiety. With regard to anxiety, however, there were no differences in the hypothesized direction on the European Brain Injury Questionnaire, while a general anxiety level should affect most items in this questionnaire (Supplementary Fig. 3 ). These ideas suggest that the improvement in the present experiment is driven top-down. This would explain why hypnotic suggestion is efficient while more bottom-up and sensory-driven approaches are not.
Individual differences in suggestibility did not notably influence the effects, contrary to what is commonly found in the hypnosis literature (Kosslyn et al., 2000; Raz et al., 2002; Derbyshire et al., 2004; Vanhaudenhuyse et al., 2009; Lifshitz et al., 2012; Halligan and Oakley, 2013; Oakley and Halligan, 2013) , but with an exception in clinical research on surgical patients (Montgomery et al., 2002) . Suggestions for health improvements may work through different mechanisms than suggestibility as measured by classical tests. Again, we make no claims regarding the underlying mechanism of change.
However, future research could focus in on possible mechanisms. We have speculated that the ceiling effect at the population mean could reflect a return to pre-injury functioning. If this is true, a replication using brain injured patients with known pre-injury working memory functioning should return each patient to his/her pre-injury level. Using education level as a proxy for pre-injury functioning, the data are consistent with this hypothesis, although alternative explanations cannot be ruled out ( Supplementary  Fig. 5) . Similarly, non-impaired subjects should not improve considerably as they would have no higher preinjury level. Another line of research involves manipulating the targeted suggestion to identify the 'active ingredient'. It is presently unclear whether hypnosis is necessary or suggestions are sufficient with hypnosis merely acting as a booster (Kirsch et al., 1995; Gandhi and Oakley, 2005) . This could be assessed by comparing hypnotic targeted suggestion to equivalent non-hypnotic suggestion on patients. Outcome measures and hypnosis scripts focusing on anxiety reduction, mental imagery, or learned non-use would show the contribution of each of these factors to the improvement. Finally, the clinical effectiveness of targeted hypnotic suggestion could be qualified using multiple hypnotists with different backgrounds and assessments of return-to-work, autonomy, and participation (Cardol et al., 1999) .
In conclusion, this work demonstrates that targeted hypnotic suggestion causes a large and long-lasting improvement in working memory performance in patients with acquired brain injury. In particular, the results provide evidence for the hypothesis that hypnotic suggestion can be used to influence working memory, and furthermore, that this is more efficient than currently available behavioural and biological approaches to neurorehabilitation.
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